In Bacillus pasteurii glutamine is being taken up efficiently by a sodium-dependent uptake system and subsequently hydrolysed to ammonium and glutamate. Concerning the latter process, a catabolic L-glutamine amidohydrolase (glutaminase) was isolated from the cytoplasm of this alkaliphilic bacterium and purified to homogeneity using liquid chromatography. Biochemical and physical parameters of the pure enzyme were examined in detail. Interestingly, analysis of the glutaminase revealed a marked increase in catalytic activity in the presence of phosphate, a property yet restricted to animal glutaminases. This is the first report on the presence of a phosphate-activated glutaminase in bacteria. ß
Introduction
Glutamine plays a key role in the nitrogen metabolism of microorganisms. Beside the function as nitrogen donor for biosynthetic reactions it has been proposed to be tightly involved in`nitrogen control', i.e. the regulation of a number of enzymes involved in the assimilation/dissimilation of nitrogenous compounds [1, 2] . Furthermore, glutamine has been shown to serve as a carbon source for cell growth, mediated by various catabolic enzymes, especially transaminases and glutaminases [3, 4] .
Bacillus pasteurii is a strongly alkaliphilic microorganism with a high requirement for urea or ammonium for growth [5] , and early experiments have shown that this organism is auxotrophic for glutamine [6] . Further investigations demonstrated that B. pasteurii does contain neither glutamine synthetase (GS) nor glutamate synthase (GOGAT) [7] , and a sodium-dependent active uptake system for glutamine has been described in this bacterium [8] .
Glutamine amidohydrolases (glutaminases) catalyse primarily the hydrolytic deamidation of L-glutamine, resulting in the production of L-glutamate and ammonium, but also a hydroxylaminolysis activity was observed [9] . Glutaminases have been detected in several bacterial genera [10^12] , but the best characterized enzymes are those from Escherichia coli, where two di¡erent forms exist [9] . Bacterial glutaminases and glutaminase-asparaginases are structurally heterogeneous since the existence of tetramers, dimers or monomers with markedly di¡erent subunit masses have been described [13^20]. More recently, the glutaminase gene from the bacteroid Rhizobium etli has been cloned and sequenced for the ¢rst time in a procaryote [21] . Glutaminases have also been detected in various mammalian tissues, where they are the major enzymes responsible for catabolic glutamine breakdown [22, 23] . However, these enzymes di¡er in many functional and structural respects to their procaryotic homologues, particularly in their property to be susceptible to a strong activation by phosphate.
The aim of this study was to investigate the fate of Lglutamine in B. pasteurii. A putative catabolic glutamine amidohydrolase was detected in and isolated from this microorganism, followed by a detailed characterization, with particular regard to similarities and di¡erences towards other procaryotic and eucaryotic glutaminases.
Materials and methods

Organism and culture conditions
All experiments and enzyme preparations were carried out using B. pasteurii ATCC 11859. The standard growth medium contained 5 g NH 4 Cl and 20 g yeast extract (Merck) per litre culture volume. Bacteria were grown in Erlenmeyer £asks at 28³C under aerobic conditions with shaking at 160 min 31 and were harvested from late exponential growth.
Detection of glutaminase activity
For the determination of glutaminase activity in whole cells, B. pasteurii was grown to late exponential growth, washed twice and resuspended in PE bu¡er (50 mM K 2 HPO 4 , 1 mM EDTA, pH 8.0). The bacteria were then permeabilized by the addition of 1% (v/v) toluol. After 1 min, L-glutamine was added to a ¢nal concentration of 16 mM and the reaction mixture was incubated at 37³C. At variance with these assay conditions, the standard assay of glutaminase in cell-free extracts or puri¢ed preparations of the enzyme was performed in the presence of 25 mM Tris^HCl, 250 mM K 2 HPO 4 and 30 mM L-glutamine at pH 9.0. The accumulation of glutamate was measured enzymatically using glutamate dehydrogenase [24] . Alternatively, the formation of ammonium was determined using Nessler's reagent [25] . Hydroxylaminolysis was quanti¢ed in a colorimetric assay where the Q-glutamyl hydroxamate formed was determined [26] , or by determining the glutamate accumulation [24] . Enzyme activities are given in units (U), 1 unit corresponding to 1 Wmol of substrate hydrolysed per minute. Protein concentration was determined according to a method previously described [27] .
Puri¢cation of glutaminase
A 5-l culture of B. pasteurii was harvested by centrifugation and washed twice in PE bu¡er. All subsequent puri¢cation steps were carried out at 0^4³C. After resuspension in a small volume of PE bu¡er containing 3 mM 2-mercaptoethanol, the cells were soni¢ed using a Branson B12 soni¢er at an output of 50 W for 1 min per ml of bacterial suspension. Complete cell disruption was con¢rmed microscopically and the bacterial debris was removed by centrifugation (48 000Ug, 60 min). The crude extract was subjected to a two-step ammonium sulfate precipitation, and the protein precipitating at a salt saturation between 45% and 80% was resuspended in BPP bu¡er (30 mM Na 2 BO 7 , 20 mM K 2 HPO 4 , 10 mM Na 2 P 2 O 7 , 3 mM 2-mercaptoethanol, 1 mM EDTA, 10% glycerol, pH 8.5). All subsequent protein puri¢cation steps were performed in BPP bu¡er, using liquid column chromatography driven by a HPLC system (LKB Bromma).
First, the protein prepuri¢ed by ammonium sulfate precipitation was applied to a hydrophobic interaction chromatography (HIC) on Phenyl-Sepharose HiLoad XK26 (Pharmacia) and eluted in a linear gradient between 1.4 M and 0 M (NH 4 ) 2 SO 4 . Fractions containing glutaminase activity were pooled and dialysed against BPP bu¡er and applied to an anion exchange chromatography on DEAEcellulose DE 52 (Whatman); protein was eluted in a linear gradient between 0 and 1 M NaCl. Subsequently, fractions containing glutaminase activity were pooled and subjected to a second HIC step, carried out using Phenyl-Superose HR5/5 (Pharmacia) and elution of the protein in a linear gradient between 1.4 and 0 M (NH 4 ) 2 SO 4 . This was followed by dialysis of the fractions containing the glutaminase activity. One further anion exchange chromatography step (elution of the protein in a linear gradient between 0 and 1 M NaCl) was performed using MonoQ HR5/5 (Pharmacia). Finally, the resulting enzyme preparation was concentrated and desalted by ultra¢ltration, and immediately frozen in the presence of 50% glycerol.
Gel electrophoresis
Electrophoresis of proteins was carried out by SDSP AGE according to standard protocols [28] . Isoelectric focusing was performed in the same system using precasted gels (Servalyt Precotes pH 3^10, Serva) according to the manufacturer's recommendations. Gels were stained as indicated with Coomassie blue dye or by silver staining.
Results
Detection of glutaminase activity
Initial experiments were designed to detect the catabolic fate of L-glutamine in cells of B. pasteurii. Exponentially growing cells were permeabilized, and L-glutamine was added. As determined enzymatically, the substrate was hydrolysed to stoichiometric amounts of ammonium and L-glutamate, and also the use of radioactively labelled substrate followed by thin layer chromatography revealed glutamate as the sole reaction product (data not shown). Due to the lack of a GS-GOGAT enzyme system in B. pasteurii [7] , a signi¢cant involvement of other potential glutamine degrading or glutamate producing enzymes could be ruled out. As to the regulation of B. pasteurii glutaminase, highest speci¢c enzyme activities were observed during late exponential and stationary growth (Fig. 1A) .
Speci¢c glutaminase activity of permeabilized cells was found to be strongly dependent on the choice of reaction bu¡er. Initial attempts to detect enzyme activity in a Trisbu¡ered system resulted in the measurement of only low activities in the range of 20 mU mg 31 protein. Interestingly, when phosphate bu¡er was used or phosphate was included in the reaction mixture, the glutaminase showed a drastic increase in enzyme activity (Fig. 1B) . Furthermore, related divalent anions such as sulfate and arsenate also led to a strong activation of glutamine hydrolysis, whereas the addition of NaCl showed no e¡ect, even when used at di¡erent ionic strengths. Also the addition of potassium, magnesium, manganese, calcium or ammonium chloride at various concentrations led to no signi¢cant alteration of enzyme activity (data not shown). The in£uence of ionic strength could therefore be assumed as being negligible. The glutaminase activity in B. pasteurii was furthermore not modulated by the presence of ATP, ADP or AMP, as shown for E. coli glutaminase B [29] (data not shown).
Protein puri¢cation
Phosphate as well as other anions turned out to have not only an activating but also a stabilizing e¡ect on the glutaminase of B. pasteurii (data not shown). Therefore, borate and diphosphate were added to all bu¡ers used during protein puri¢cation. Protein puri¢cation started with 5.9 g of soluble protein exhibiting a speci¢c activity of 0.3 U mg 31 (Table 1 ). Glutaminase was enriched 1.9-fold by ammonium sulfate precipitation. After four consecutive puri¢cation steps using hydrophobic interaction chromatography and anion exchange chromatography, the puri¢ed protein was eluted as a single peak from a MonoQ HR5/5 column (data not shown). At this ¢nal stage, the enzyme exhibited a speci¢c activity of 234 U mg 31 , corresponding to a puri¢cation factor of 762 and a total yield of 2.7% (Table 1) . Fig. 1 . Glutaminase activity in permeabilized B. pasteurii cells. A: Dependence of glutaminase activity (E) on the growth phase (R). B: In£u-ence of phosphate, sulfate or arsenate on glutaminase activity. As control, NaCl was used at di¡erent concentrations. All substances were included in the reaction mixture 10 min before the substrate was added. 
Characterization of the puri¢ed glutaminase
The analysis of the puri¢ed glutaminase preparation by SDS^PAGE revealed one single protein band corresponding to a molecular mass of about 55 kDa, con¢rming high enzyme purity (Fig. 2A) . Moreover, PAGE under nondenaturing conditions revealed a single protein band corresponding to a total molecular mass of 110 kDa, indicating a homo-dimeric subunit structure of the B. pasteurii glutaminase (result not shown). An isoelectric point of 4.9 was determined by isoelectric focusing (Fig. 2B) .
The temperature and pH optima for the glutaminase activity were determined as being 37³C and pH 9.0, respectively (data not shown). Beside L-glutamine, which was hydrolysed with the highest speci¢c activity, L-asparagine was also hydrolysed, although with a lower a¤nity ( Table 2 ). The glutaminase of B. pasteurii also turned out to possess a weak a¤nity towards D-glutamine ; however, D-asparagine did not serve as substrate. Additionally, the hydroxylaminolysis activity of the puri¢ed enzyme was examined (Table 2) . When L-glutamine was used as substrate, a noticeable activity was observed; however, the a¤nity for L-glutamate as amino acceptor was very low. This may be due to a relatively high a¤nity towards Qglutamyl hydroxamate, which served as substrate in the back reaction. Moreover, feedback inhibition caused by reaction products such as L-glutamate, L-aspartate and ammonium, which is a common feature of animal glutaminases [22] , was not observed with the enzyme from B. pasteurii. The glutaminase activity was furthermore not signi¢cantly impaired in the presence of complex anions such as 2-oxoglutarate, pyruvate, succinate and citrate (data not shown).
As shown in Fig. 1B , the glutaminase activity of B. pasteurii depended on the presence of inorganic phosphate. Also when puri¢ed enzyme was used, a very low enzyme activity was observed in the absence of phosphate, even at high substrate concentrations of L-glutamine (Fig.  3) . Contrarily, in the presence of 250 mM phosphate and 32 mM L-glutamine, the speci¢c glutaminase activity was increased more than 30-fold as compared to the activity in the absence of phosphate under identical conditions.
Discussion
In this report evidence is presented for the occurrence of a phosphate-activated L-glutamine amidohydrolase in B. pasteurii. To our knowledge, this is the ¢rst time that such an enzyme is described in a procaryote. Beside high urease activity in B. pasteurii, ammonium-generating glutaminase may provide signi¢cant physiological bene¢ts for B. pasteurii, a bacterium depending on high ammonium concentration for optimal growth. Since no L-glutamine transaminase/g-amidase activity was detected in this organism (data not shown), and since L-glutamine has been shown to serve as a carbon source for growth [6] , this glutaminase obviously functions as a catabolic enzyme providing L-glutamate for further oxidation. The identi¢-cation of two di¡erent glutamate dehydrogenases [30] completes the degradation pathway of glutamine in B. pasteurii, a pathway starting with the sodium-dependent active transport of glutamine in this alkaliphile [8] . The speci¢c activity with L-glutamine as substrate was set as 100%. The calculation of the K m values for each substrate was carried out using ¢ve to eight di¡erent substrate concentrations. a Not detectable. Fig. 3 . Activation of glutaminase by phosphate. Activity of partially puri¢ed glutaminase (eluted from DEAE-cellulose at 0.14 M NaCl) was determined in the standard assay in the presence of the following Na 2 HPO 4 concentrations: 250 mM (F), 150 mM (7), 75 mM (R), 25 mM (E), 5 mM (8); O, no phosphate added.
Interestingly, the B. pasteurii glutaminase turned out to have some properties common to its mammalian homologues [22, 23, 31] . First, the protein consists of two identical subunits with a subunit mass between 50 and 60 kDa; a further feature is a relatively low substrate a¤nity, with a Michaelis constant in the range of 10 mM. However, the most interesting ¢nding is the speci¢c activation of this enzyme by inorganic anions such as phosphate, borate and sulfate, a property common to eucaryotic glutaminases [23] . Glutaminases of animal origin have been located in the vicinity of mitochondrial membranes, where they are involved in the catabolism of high amounts of Lglutamine in order to gain energy [22, 31] . In B. pasteurii, even after ultrasonic treatment a certain part of the total glutaminase activity was detected in the membrane fraction, indicating some a¤nity to cellular membranes (data not shown). As already shown with mammalian phosphate-activated glutaminases (PAG) [22, 23] , also the phosphate concentration needed for complete activation of B. pasteurii glutaminase is relatively high. However, a regulation of this enzyme activity mediated by phosphate in vivo may not be ruled out. When cellular energy consumption is high, free phosphate may be released at a high rate from ATP, which in turn may be followed by an activation of the glutaminase, contributing indirectly to the synthesis of ATP. In order to get more insight into the relationship between procaryotic and eucaryotic glutaminases, further investigations, e.g. sequence analysis, need to be undertaken.
